INTRODUCTION
In the majority of subjects infected with hepatitis C virus (HCV), the acute infection is followed by chronic disease [1] , with a continuous synthesis of virions in infected hepatocytes. Unfortunately, spontaneous recovery from chronic disease is rare, if not exceptional; instead, the infection is frequently complicated by liver cirrhosis, liver failure, and hepatocellular carcinoma [1] .
HCV induces multiple immune responses, and several lines of evidence suggest that cytotoxic, antiviral lymphocytes play a role in eradicating the acute infection and in controlling the chronic infection [2] [3] [4] [5] [6] [7] [8] . Indeed, the HCV-associated liver pathology is characterized by massive lymphocyte infiltration in the infected organ, but HCV apparently evades or limits the effectiveness of this immune response [9 -14] . In particular, the immune response to HCV has been found to be impaired in patients chronically infected with HCV, as suggested by reports of impaired cytokine production by peripheral blood lymphocytes [11, 12, 15] , a higher propensity of apoptotic cell death in lymphocytes [16, 17] , and a pronounced depression of T cell responses to defined HCV antigens in these patients [15, 18, 19] . Understanding the mechanisms underlying the dysfunction of lymphocytes in HCV infection may help, not only to explain the persistence of the virus but also to design more efficacious, immunotherapeutic regimens.
In recent years, much attention has been directed to the ability of tumor-infiltrating mononuclear phagocytes to adversely affect lymphocyte function [20] , with a distinct focus on the role of phagocyte-derived oxygen radicals [21] [22] [23] . These toxic compounds have been proposed to account for the dysfunction of tumor-killing lymphocytes, not only in malignant diseases, such as colorectal carcinoma and metastatic melanoma, but also in chronic viral and bacterial infections [24] . This mechanism of immunosuppression, lymphocyte inhibition by mononuclear phagocyte-derived oxygen radicals, may be of particular relevance in liver tissue: The liver contains 80% of the host's mononuclear phagocytic system [25] , and the production of oxygen radicals in HCV-infected liver tissue is reportedly enhanced by a factor of 100,000 [26] .
The abundance of oxygen radical-producing phagocytes in liver tissue along with the recent findings that HCV proteins may stimulate the formation of oxygen radicals in infected tissue [27] [28] [29] [30] led us to examine potential interactions among phagocytes, lymphocytes, and HCV-encoded proteins. We report that NS3, a nonstructural HCV protein, elicits dysfunction and apoptosis of three main subsets of cytotoxic lymphocytes, which are prevalently found in chronically HCV-infected liver tissue: conventional T lymphocytes (with CD3 
MATERIALS AND METHODS

Separation of mononuclear cells
Peripheral venous blood was obtained as freshly prepared leukopacks from healthy blood donors at the Blood Centre, Sahlgren University Hospital (Göte-borg, Sweden). The blood (65 ml per donor) was mixed with 92.5 ml Iscoves' medium, 35 ml 6% dextran, and 7.5 ml acid citrate dextrose (ACD). After incubation for 15 min at room temperature, the supernatant was carefully layered on top of a Ficoll-Hypaque (Lymphoprep) density gradient. After centrifugation at 380 g for 15 min, mononuclear cells were collected at the interface. The cells were washed and resuspended in Iscoves' medium supplemented with 10% AB ϩ serum. Cells were further separated into lymphocytes and monocytes using a counter-current centrifugal elutriation technique in which the sedimentation rate of cells in a spinning rotor is balanced by a counter-directed flow through the chamber. By slowly increasing the flow rate, fractions of cells of well-defined sizes can be collected. The mononuclear cells were resuspended in elutriation buffer, buffered NaCl supplemented with 0.5% bovine serum albumin (BSA) and 0.1% EDTA, and were fed into a Beckman J2-21 ultracentrifuge with a JE-6B rotor (Beckman Coulter, Fullerton, CA) at 2100 rpm. A fraction with Ͼ90% monocytes was obtained at a flow rate of ϳ19 ml/min. 
Determination of ROS production
Mononuclear phagocyte reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity was measured with an isoluminol-dependent, peroxidase enhanced chemiluminescence technique, described in detail by Dahlgren and Karlsson [31] . Briefly, mononuclear phagocytes were suspended in Krebs Ringer glucose buffer supplemented with isoluminol (10 g/ml) and horseradish peroxidase (HRP; 4 U/ml) and incubated for 5 min at 37°C. Stimuli were added, and the release of ROS was measured in a six-channel Berthold Biolumat LB 9505 (Berthold Technologies, Wildbad, Germany).
NK cell cytotoxicity assay
51 Cr-labeled cells from the NK cell-sensitive cell line K562, originally derived from patients suffering from chronic myelogenous leukemia in blast crisis, were used as target cells. For labeling, cells were incubated with 51 Cr (150 Ci/ml) for 2 h at 37°C. The chromium-labeled cells were washed thoroughly and resuspended in culture. Ten thousand target cells were then incubated at 37°C with lymphocytes (100,000 cells/well) in 96-well microplates (Nunc, Roskilde, Denmark) in the presence or absence of monocytes (5000 -60,000 cells/well). Compounds were added at the onset of incubation if not otherwise stated. After 16 h, the supernatant was collected using a tissue-collecting system (Amersham Pharmacia Biotech AB, Uppsala, Sweden), and the radioactive content was determined in a ␥-counter. Results were expressed as percentage specific release: % Specific release ϭ 100 ϫ (experimental release-spontaneous release)/(maximum release-spontaneous release). Spontaneous release was measured by incubating labeled target cells with culture medium and maximum release, by incubating target cells with Triton X-100.
More than 90% of the lymphocyte cytotoxicity was depleted by the removal of CD56 ϩ NK cells, using anti-CD56-coated beads, and removal of CD3 ϩ T cells did not reduce cytotoxicity significantly.
Apoptosis in lymphocytes
Lymphocyte apoptosis was carefully monitored over time using different methods. One of the earliest events in the apoptotic process is depolarization of the mitochondrial transmembrane potential. The mitochondrial membrane sensor kit (BD Clontech, Palo Alto, CA) was used to identify cells with altered mitochondrial transmembrane potential according to the manufacturer's protocol. Fluorescein isothiocyanate (FITC)-or phycoerythrin (PE)-labeled Annexin V (BD PharMingen, San Diego, CA) was used to identify cells that had lost the asymmetrical distribution of membrane phospholipids and thus were exposing phosphatidyl serine on the extracellular side of the plasma membrane. Loss of structural integrity of the plasma membrane was monitored by adding the cationic dye, To-Pro-3 (2 M; Molecular Probes, Junction City, OR), right before the flow cytometry analysis. Finally, the percentage of end-stage apoptotic cells was determined based on the altered scattering properties displayed by end-stage apoptotic cells, i.e., reduced forward-scatter and increased right angle-scatter.
Compounds
The following compounds were used: isoluminol, formylated Met-Leu-Phe (fMLF), and diphenylene iodonium (DPI; Sigma Chemical Co., St. Louis, MO); HRP, superoxide dismutase, and catalase (Boehringer-Mannheim, Mannheim, Germany); dextran (Kabi Pharmacia, Stockholm, Sweden); ACD (Baxter, Deerfield, IL); sodium chromate (Na 2 51 CrO 4 ; Amersham Pharmacia Biotech, Uppsala, Sweden); BSA (ICN Biomedicals, Aurora, OH); EDTA and hydrogen peroxide (VWR, Göteborg, Sweden); Ficoll-Hypaque, Lymphoprep (Nycomed, Oslo, Norway); histamine dihydrochloride (Maxim Pharmaceuticals, San Diego, CA); ranitidine dihydrochloride (Glaxo Wellcome, Mölndal, Sweden). A recombinant, truncated HCV protein NS3 (genotype 1b, amino acids 1007-1534), produced in Escherichia coli and solubilized in 25 mM Tris, 190 mM glycine, and 0.1% sodium dodecyl sulfate (SDS), was obtained from Mikrogen Research (Munich, Germany). Pure FITC-, PE-, peridinin chlorophyll protein-, and allophycocyanin-conjugated monoclonal antibodies against various surface markers were purchased from Becton Dickinson (Stockholm, Sweden).
RESULTS
Phagocyte ROS release triggered by NS3
We investigated the ability of the HCV protein NS3 to activate the oxygen radical-generating NADPH oxidase in mononuclear and polymorphnuclear phagocytes. NS3 was found to induce a rapid-onset production of ROS in both cell types, as manifested as an increase in release of ROS within seconds upon addition of NS3 (Fig. 1, a and b) .
To establish a role for the NADPH oxidase for the observed ROS production by NS3, we used two earlier-characterized NADPH oxidase inhibitors, DPI and histamine [33, 34] . Both inhibitors reduced the NS3-triggered ROS formation (Fig. 1c) . The histamine effect was mediated by H 2 receptors, as illustrated by the finding that the H 2 antagonist ranitidine prevented the histamine-induced reduction of ROS production (Fig. 1c) .
Inhibition of NK cell cytotoxicity by NS3
Previous studies have shown that the cytotoxicity of NK cells is impaired in HCV-infected individuals [9] . The suggestion that this impairment may be related to toxicity inflicted by ROS [35] along with our earlier findings, showing that NADPH oxidasederived ROS are strongly inhibitory for NK cell function and viability [21, 34] , incited us to investigate the impact of phagocyte ROS release induced by NS3 on NK cell cytotoxic function.
In a series of experiments, mononuclear phagocytes were incubated with NK cell-enriched lymphocytes in the presence or absence of NS3, and the ability of NK cells to lyse K562 cells was monitored. NS3 was found to induce a mononuclear phagocyte-dependent suppression of NK cell function (Fig.  2a) . The suppression was clearly mediated by ROS, as the addition of catalase, a scavenger of hydrogen peroxide, restored NK cell cytotoxic activity. Cytotoxicity was also restored when the NADPH oxidase inhibitors, DPI or histamine, were added to the incubation mixture (Fig. 2b) .
NS3 triggers apoptosis in NK cells and T cells
To determine whether the NS3-elicited release of toxic oxygen metabolites also affected lymphocyte viability, lymphocytes were incubated with NS3-stimulated phagocytes and assayed for apoptosis. Within 2 h, lymphocytes displayed altered mitochondrial transmembrane potential, ⌬ m -an early marker for apoptosis (Fig. 3) . The proportion of lymphocytes with altered m increased over time, and this process paralleled Annexin V staining (not shown). With time, apoptotic cells became increasingly stained with the cell-impermeant dye To-Pro-3 and changed their scatter characteristics. Mononuclear phagocytes alone induced some apoptosis, and polymorphnuclear phagocytes induced lower levels of apoptosis (Figs.  3 and 4a) . However, the addition of NS3 significantly enhanced the extent of phagocyte-induced lymphocyte apoptosis, and the addition of buffer did not (Fig. 4a ). Lymphocytes were fully protected from NS3-induced apoptosis by the addition of catalase, DPI, or histamine (Fig. 4b) , suggesting that apoptosis was mediated by NADPH oxidase-derived ROS.
To clarify whether these NS3-elicited events applied to all the main lymphocyte subsets infiltrating the HCV-infected (Fig. 5a) . NK cells were highly sensitive to ROS-induced apoptosis, and CD3 ϩ /56 -T cells appeared more resistant. However, the quantification of apoptotic cells of a specific lymphocyte subtype in a mixed lymphocyte preparation is flawed by the propensity of apoptotic NK cells to alter their expression of the CD56 antigen, as well as by the nonspecific binding of antibodies to the surface of apoptotic T cells. There is thus an inherent risk of underestimating NK and T cell apoptosis, and apoptosis of double-positive cells may be over- Fig. 3 . NS3 induces depolarization of the mitochondrial transmembrane potential. NK cell-enriched lymphocytes were incubated with phagocytes in the presence or absence of NS3. After 2 h, lymphocytes were stained with the mitosensor reagent and analyzed by flow cytometry. One early event in the apoptotic process is mitochondrial depolarization, which is detected as an increase in green fluorescence in mitosensor-stained cells. Stimulation of polymorphonuclear phagocytes (PMN; upper panels) with NS3 triggered mitochondrial depolarization in lymphocytes. In the presence of mononuclear phagocytes (Mo; lower panels), a larger fraction of lymphocytes displayed altered m , but stimulation with NS3 increased the fraction of lymphocytes with altered mitochondrial transmembrane potential. DPI fully protected lymphocytes from mitochondrial alterations induced by NS3-stimulated phagocytes. Similar results were obtained in three experiments with cells from different donors. estimated as a result of recruitment of inadequately stained, apoptotic T cells into the double-positive gate. To circumvent this problem, we determined ROS-induced apoptosis in preparations of pure CD3 ϩ /56 -T cells, CD3 -/56 ϩ NK cells, and CD3 ϩ /56 ϩ NKT cells. These experiments confirmed that apoptosis was induced in all liver-type lymphocyte subsets studied (Fig. 5b) and that NK cells were indeed more susceptible to ROS-induced apoptosis than were T cells or NKT cells.
DISCUSSION
The liver tissue destruction and carcinogenesis associated with chronic HCV infection have been proposed to be mediated by an excessive formation of ROS in the infected tissue [26] . In this study, we investigated the stimulatory properties of the HCV-encoded protein NS3 on NADPH oxidase-dependent oxygen radical formation by human phagocytes, along with monitoring the effects of NS3-stimulated mononuclear phagocytes on the function and viability of lymphocyte subsets. Our data demonstrate that oxidative stress adversely affects lymphocytes, which are destined to eliminate transformed as well as HCV-infected cells.
Activators of oxygen radical production in phagocytes commonly trigger a specialized electron-transporting system, the NADPH oxidase, which ferries electrons to molecular oxygen. In this way, oxygen is reduced to toxic oxygen products. The NS3 protein was reported recently to weakly trigger oxygen radical production in monocytes [28] . However, the chemiluminescence technique used by these authors has limitations, which may lead to underestimation of the release of radicals. By using a modified and highly sensitive method for oxygen radical detection [31] , we found that the NS3 protein induced a robust oxygen radical production with a magnitude comparable with that induced by other phagocyte activators [36, 37] .
NS3 is not the first HCV protein with purported ROSgenerating capacity. HCV core and NS5a were shown recently to inflict oxidative damage in human cell lines and in murine hepatocytes [27, 29, 30] . These different HCV proteins might work in concert, each contributing to the emergence of oxidative damage to lymphocytes and other surrounding cells. Oxidative stress is a hallmark of HCV infection, and the reports of oxidative damage to hepatic as well as nonhepatic cells are numerous [38 -43] . Although the oxidative stress is more severe in cirrhotic patients, it is clearly not only a late-stage phenomenon, as it reportedly occurs even before alanine aminotransferase levels are elevated [42, 43] .
Our finding that NS3-stimulated phagocytes induced dysfunction and apoptosis in antiviral lymphocytes may indicate that hepatic lymphocytes in HCV-infected patients become dysfunctional and undergo apoptosis as a result of the oxidative stress prevailing in the infected liver [26] . This view is supported by earlier reports showing that lymphocytes from HCVinfected individuals are frequently apoptotic and unusually susceptible to apoptosis-inducing stimuli [16, 17] . Furthermore, NK cells, which are probably protective at early stages of HCV infection [44] before the development of specific immunity, are reportedly dysfunctional in HCV infection: Corado et al. [9] found NK cell cytotoxicity to be reduced significantly, and Barbaro et al. [35] reported that depletion of lymphocyte stores of reduced glutathione was associated with decreased peripheral blood mononuclear cell cytotoxicity in HCV-infected individuals. These findings imply that oxidative stress at an early stage of HCV infection may adversely affect the immune-mediated clearance of infected cells. A tentative hypothesis emerging from our study is that HCV can exploit the phagocyte NADPH oxidase to generate ROS, which in turn disable key antiviral lymphocytes; in this way, HCV may evade the immune system, enabling viral persistence and contributing to disease chronicity.
The consequences of uncontrolled formation of ROS might be especially problematic in HCV infection, as HCV is associated with elevated levels of iron [35, 38, 45] . Elevated levels of free iron ions further promote oxidative stress, as iron can catalyze the generation of highly reactive hydroxyl radicals via the Fenton reaction. In addition, iron can propagate the oxidative processes by catalyzing the decomposition of lipid peroxides into cytotoxic aldehydes [46] . Furthermore, the continuous release of mutagenic and potentially carcinogenic oxygen radicals on the one hand and dysfunctional immune cells relevant to the defense against malignancies on the other may have implications for the increased risk of hepatocellular carcinoma associated with chronic hepatitis C.
There are, thus, at least two reasons for including antioxidants in the treatment arsenal against HCV infection: By neutralizing ROS, antioxidants can alleviate the tissue damage of the liver and as suggested by the findings reported in this study, protect critical immune cells against oxygen radicalinduced, functional inhibition and apoptosis, thereby increasing the likelihood of virus eradication. During the past decade, various antioxidants have indeed been tested as adjuncts to the standard treatment of chronic HCV infection, interferon-␣ (IFN-␣), but results have been disappointing [47, 48] . However, the antioxidants being tested have predominantly been scavengers, which react with already formed ROS with a limited spectrum of neutralizing activity. A more attractive strategy may be to prevent ROS from being produced by the phagocyte NADPH oxidase, and in this study, we show that two such inhibitors, histamine and DPI, maintain the cytotoxicity and viability of antiviral lymphocytes in the presence of NS3-stimulated mononuclear phagocytes in vitro. One of these compounds, histamine, is currently evaluated as a supplement to IFN therapy in chronic HCV infection [49] . A deeper understanding of the mechanism underlying the immunosuppression in chronic HCV infection will be helpful in the development of new measures to protect lymphocytes from the inhibitory signals in the HCV-infected liver.
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